Introduction {#sec1}
============

In recent years, many behavioral measures have been developed for elucidating the functioning of the visual system in rodents ([@bib52]; [@bib59]; [@bib71]). A reason for this increased interest is the wider use of rodents in vision research and the resemblance of the visual system of rodents to that of higher mammals ([@bib35]; [@bib50]; [@bib53]; [@bib79]). Furthermore, advances in mice visual behavior training, optogenetics, and neurophysiology opened up possibilities to profoundly study visual cortical networks and their link to behavior ([@bib1]; [@bib2]; T.-W. [@bib10]; [@bib21]; [@bib29]; [@bib41]; [@bib51]; [@bib72]; [@bib73]; [@bib83]). A classical method for testing visual function in mice is measuring the optokinetic response of eyes or head that compensates for a large moving stimulus ([@bib8]; [@bib14]; [@bib55]; [@bib76]). In those experiments, mice are typically placed in a drum or cage with vertically oriented bars that are translating leftward or rightward. The reflexive movement to motion onset of the eyes or the head is observed manually or automatically tracked using image analysis. In our lab, we recently introduced another approach to measure sensitivity to motion by recording the opto-locomotor response (OLR) of head-fixed mice while they are running freely on an air-floating Styrofoam ball ([@bib40]). This system enables us to efficiently record voluntary running behavior of mice in response to a large moving random dot stimulus without training.

Previous rodent and rabbit literature has shown strong eye-dependent biases in optokinetic reflexes (OKR) ([@bib20]; [@bib27]; [@bib30]; [@bib32]; [@bib70]). When one eye is closed, temporonasal (rightward for the left eye and leftward for the right eye) motion evokes an eye- or head-tracking response. Most literature reports that there is a complete, or almost complete, lack of reflexes for nasotemporal motion directions. Such a strong monocular asymmetry in rodents and rabbits is not seen in adult higher mammals but has been described for OKRs in affected or young higher mammals, such as human adults with strabismus ([@bib39]), human and monkey infants, and kittens ([@bib3]). Asymmetric OKRs have been attributed to primitive midbrain (subcortical) structures causing reflexive behaviors, with each hemisphere mostly responding to only one motion direction ([@bib5]). The strong eye-dependent biases in mice could therefore indicate that they are more reliant on subcortical processing for reflexive visual behavior.

Moreover, studies of the OKR in all sorts of animals describe multiple phases of the response, an initial phase and later phases ([@bib7]; [@bib12]; [@bib18];[@bib61], [@bib62]). The initial acceleration of the OKR consists of an immediate phase of rapid eye acceleration and a gradual phase of slower acceleration reaching a steady-state slow phase velocity ([@bib30]). In primates, the immediate phase of the OKR is linked to the ocular following response (OFR) ([@bib48]), which is used as measure for visual computation of input and its transduction to smooth eye movements ([@bib9]; [@bib37]; [@bib38]; [@bib47]; [@bib48]; [@bib67]). A more recent study suggests that the initial part of the OKR in mice also consists of two components ([@bib66]). This prompted us to investigate whether the reflexive OLR we measure in mice also consists of multiple phases. To this end, we used visual motion stimuli under monocular and binocular conditions and measured OLR. Furthermore, we investigated whether there is any evidence for nonlinear interactions between the two eyes by comparing binocular conditions with the sum of the two monocular conditions.

Methods {#sec2}
=======

Animals {#sec2-1}
-------

We used five C57BL/6J male mice ranging in age from 6 to 8 weeks in this experiment. Because of their normal vision, mice of this strain are often used in behavioral studies of mouse vision ([@bib6]; Prusky & Douglas, 2003;[@bib54]; [@bib60]; [@bib80]). The mice were kept in a well-ventilated, temperature-controlled room (21 ± 2°C) on a 12-hr dark/12-hr light cycle, and all experiments were performed during the dark cycle. In a habituation period of one week, the animals were fed and handled by the experimenter each day. Starting weights of all animals were determined (22.79 ± 0.3 g), and by giving 2.2 g of food per day, we maintained a weight between 85% and 95% of their starting weights. All experiments were conducted in compliance with Dutch and European laws and regulations and were approved by the animal ethical committee of Radboud University Nijmegen. All experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

Surgery {#sec2-2}
-------

Mice were anesthetized with isoflurane via a nose tube during surgery (4% isoflurane in oxygen at induction, 1--1.5% during surgery, 0.2 l/min). After fixating the heads of the anesthetized animals in a stereotactic holder, their eyes were covered in sterile ocular lube (Puralube; Dechra, s-Hertogenbosch, The Netherlands) to prevent dehydration. Next, after shaving the head, skin on top of the head was cut out using fine scissors, and the exposed periosteum was anesthetized locally (1 mg/ml lidocaine HCL with 0.25 mg/ml Bupivacaine Actavis, Melsungen, Germany) before the skull was cleaned with a bone scraper. A custom-made titanium head plate was attached to the head with dental cement (Superbond C&B; Sun Medical, Marseille, France), to allow for fixation.

Habituation {#sec2-3}
-----------

After one week of recovery from surgery, mice were handled for 10 mins every day until they were able to run freely and comfortably from one hand to the other. Next, the mice were transferred to the setup and fixed to the head holder. At the beginning of habituation, the mice ran on the ball for 10 min. Over the following four to five days, the duration increased to two sessions of 40 min per day. The experiments lasted three weeks in total per mouse, without any reward during the experiment.

Visual stimulation {#sec2-4}
------------------

Stimuli consisted of white dots (0.20 cd/m^2^) on a black background (0.09 cd/m^2^), giving rise to a Michelson contrast of 0.37. The motion was shown at a speed of 36 deg/s; dots had a radius of 0.9 degrees. An OptomaX501 video projector (resolution: 1,920 × 1,080 @ 60 Hz) projected the stimuli onto the inside of a fiberglass-reinforced resin (Fibresports UK; Basildon, The United Kingdom) with a 112-cm inner diameter via a quarter spherical mirror ([Figure 1](#fig1){ref-type="fig"}A). At the center of the dome, a custom-made socket (University College London workshops) held a Styrofoam ball floating on air, which served as a treadmill for the mice to run on. Vertically, the visual stimuli covered from 10 degrees below to 80 degrees above the mouse; horizontally, 220 degrees of visual angle was covered (for further details, see [@bib40]).

![Experimental setup. (A) Schematic drawing of the setup. A projector (P) displayed patterns of randomly positioned dots via a mirror (M) onto the inside of a dome (D). Mice ran under head-fixed conditions on a Styrofoam ball (SB) floating on air. (B) Stimulus time course of one trial. Trials started with a static dot pattern. Motion onset (t = 0) occurred either 1 or 2 s after the start of the trial. The pattern of dots drifted either horizontally leftward or rightward for 2 s, producing optic flow consistent with leftward or rightward yaw of the mice, respectively. The trial ended with 1 s of static dots.](jovi-20-2-6-f001){#fig1}

Each trial started with a newly generated random dot pattern that was static for 1 or 2 s, after which the dots started moving for 2 s. Following 2 s of motion, the dots stopped and remained 1 s static on the screen ([Figure 1](#fig1){ref-type="fig"}B). To reduce the animal\'s ability to anticipate motion onset, we interleaved the duration of the initial static phase (1 or 2 s) randomly. Motion (36 deg/s) was created by incrementing (or decrementing) the azimuths of the dots at each 17-ms video frame, resulting in a rotation around the vertical axis, or yaw.

Behavioral paradigm {#sec2-5}
-------------------

The mice were running on the ball for two sessions, approximately 15 min each per day. In each session, one eye condition was pseudorandomly selected: binocular, monocular right, or monocular left open. In one session, the stationary random dot stimulus was repeated 80 times and the left and rightward moving stimulus 40 times each. This resulted in 160 trials in total for each session, and each eye condition was repeated in seven sessions, which resulted into 280 trials per stimulus/eye condition combination for the moving dot stimuli. We excluded those trials in which the mice were sitting still by requiring a mean forward speed of at least 1 cm/s over the course of the trial. Sessions with too few trials were subsequently excluded from further analysis. This led to removal of one session for one mouse.

Recording and data analysis {#sec2-6}
---------------------------

The spherical treadmill consisted of a 19.7-cm diameter Styrofoam ball, which was floating in a semispherical socket on pressurized air ([@bib19]), modified from insect studies ([@bib15]; [@bib45]; [@bib63]). The yaw of the ball was registered in deg/s by an optical computer mouse with a sampling rate of 60 Hz. Yaw is the axis of rotation of the visual stimulus and therefore used as a proxy for OLR. The yaw was smoothed with a 100-ms boxcar filtered. Next, the mean yaw during 500 ms before motion onset was determined per trial (baseline) and subtracted from the yaw time series. We statistically tested whether the mean OLR to either motion direction was different from the mean OLR to stationary patterns by comparing every 0.5-s bin between 0.5 and 2 s after motion onset using a Wilcoxon\'s rank test.

Results {#sec3}
=======

When the mice got used to the setup, we measured OLRs to horizontally moving random dot patterns, either left- or rightward at a speed of 36 deg/s and for a duration of 2 s. In [Figure 2](#fig2){ref-type="fig"}, individual OLR traces of one mouse in response to stimulation of both eyes are shown for one session ([Figure 2](#fig2){ref-type="fig"}A) and for all seven sessions to leftward ([Figure 2](#fig2){ref-type="fig"}B) and rightward ([Figure 2](#fig2){ref-type="fig"}C) moving dot patterns. Corresponding to previous findings ([@bib40]), mice responded to the motion by turning in the same direction as the dots. In [Figure 2](#fig2){ref-type="fig"}A, this is reflected by mostly positive OLRs to leftward motion (yellow lines) and negative OLRs to rightward motion (red lines). Furthermore, we show that OLRs in response to leftward ([Figure 2](#fig2){ref-type="fig"}B) or rightward ([Figure 2](#fig2){ref-type="fig"}C) motion do not change over the time course of the total experiment (seven sessions of approximately 40 trials per animal). The total trial number deviates from 280 because trials were discarded where the animal did not move enough.

![(A) Single OLR traces in response to random dot motion presented to both eyes against time after motion onset for one exemplary session (80 trials) in one exemplary mouse. Lines represent OLRs to a rightward (red line) or leftward (yellow line) moving random dot pattern. The mouse responds to motion by turning in the same direction as the dots. (B, C) Single OLR traces for all seven sessions in one exemplary mouse to dots moving left (B) or right (C). The color map indicates OLR speed of trials in degrees per second. The exemplary mouse in (A) is the same as in (B) and (C).](jovi-20-2-6-f002){#fig2}

In [Figure 3](#fig3){ref-type="fig"}A, the mean OLR of five animals to rightward motion (red), leftward motion (yellow), and stationary stimuli (black) is shown for mice with uncovered eyes (binocular stimulation). OLRs to both motion directions start at about 250 ms after motion onset and show a peak response (both around 35 deg/s) around 2 s after motion onset. Additionally, the distribution of OLR values over time for all trials to the leftward and rightward moving patterns demonstrates that leftward motion predominantly results in positive OLR values when the baseline OLR to stationary motion is subtracted ([Figure 3](#fig3){ref-type="fig"}B) and vice versa for rightward motion ([Figure 3](#fig3){ref-type="fig"}C). When motion was presented to both eyes, the mean OLR to rightward and leftward motion was statistically different from the OLR to stationary patterns from 0.5 s after motion onset (Wilcoxon\'s rank test, *p* \< 0.01 for all three 0.5 bins from t = 0.5--2 s).

![(A) Mean OLR of five mice for random dot motion presented to both eyes against time after motion onset. The lines represent OLR to a stationary (black line) or a rightward (red line) or leftward (yellow line) moving random dot pattern. The mice responded to the motion by turning in the same direction as the dots. Shaded bounds represent *SEM*. (B, C) The distribution of OLR values over time for all trials to the leftward and rightward binocularly presented moving patterns. In these contour plots, OLRs to stationary patterns were subtracted from the OLRs to dots moving left (B) or right (C). The color map shows the percentage of trials where the traces go through a certain point in the contour plot relative to the static condition.](jovi-20-2-6-f003){#fig3}

Pseudorandomly interleaved with the binocular stimulation experiments, we used an eye cap to cover either the right or the left eye. When the left eye is open ([Figure 4](#fig4){ref-type="fig"}A), the OLR shows a delay of about 700 ms to leftward motion, compared to rightward motion. The same conclusion can be drawn from the contour plots for leftward ([Figure 4](#fig4){ref-type="fig"}B) and rightward ([Figure 4](#fig4){ref-type="fig"}C) motion. Responses for rightward motion start earlier after motion onset. Results from the Wilcoxon\'s rank test demonstrated that the mean OLR to rightward motion differs significantly (*p* \< 0.01 for all 0.5-s bins from t = 0.5--2 s) from the mean OLR to stationary patterns, whereas the mean OLR to leftward motion only differs significantly from between 1.5 and 2 s after motion onset (*p* = 0.04). When the right eye is open, mice respond earlier and stronger to leftward motion compared to rightward motion ([Figure 4](#fig4){ref-type="fig"}D--F). The mean OLR to leftward motion differs significantly from the mean OLR to stationary patterns from 0.5 s to 2 s for all 0.5-s bins (*p* \< 0.05). The mean OLR to rightward motion is only significantly different from the mean OLR to stationary patterns from 1.5 to 2 s after motion onset (*p* \< 0.01).

![Mean (*n* = 5) OLR for random dot patterns presented only to one eye against time after motion onset for the left eye (A) and right eye (D). The patterns were stationary (black line), rightward (red line), or leftward (yellow line) moving. Shaded bounds represent *SEM*. (B, C, E, F) The distribution of OLR values over time for all trials to the leftward and rightward monocularly presented moving patterns. In these contour plots, OLRs to stationary patterns were subtracted from the OLRs to dots moving left (B, E) or right (C, F) for the left (B, C) and right (E, F) eye. The color map shows the percentage of trials where the traces go through a certain point in the contour plot relative to the static condition.](jovi-20-2-6-f004){#fig4}

We expect an interaction of visual input between the two eyes on the evoked OLR after the initial phase, where only one eye provides input. In order to determine whether there is interaction, we summed the OLRs to monocular stimulation and depicted them in the same figure as the OLRs to binocular stimulation. [Figure 5](#fig5){ref-type="fig"} shows that the sum of the OLR to leftward motion monocularly presented in the left and right eye (dashed yellow line) is not significantly different from the OLR to leftward motion presented binocularly (solid yellow line) (Wilcoxon\'s rank test; *p* \> 0.4 for all 0.5-s bins from 0.5--2 s). The same holds true for rightward motion (Wilcoxon\'s rank test; *p* \> 0.1 for all 0.5-s bins from 0.5--2 s). These results show no evidence for averaging or nonlinear interactions between the eyes under these conditions.

![Comparison of the binocular OLR for leftward (red solid line) and rightward (yellow solid line) motion compared to the sum of the two related monocular OLRs (dashed lines).](jovi-20-2-6-f005){#fig5}

Discussion {#sec4}
==========

We measured OLRs of mice in response to random dot patterns moving horizontally left or right in binocular and monocular conditions. We found that in about the first 700 ms, there is a strong bias toward temporonasal stimulation, which is in accordance with a lot of previous animal literature on eye and head reflexes to large motion patterns ([@bib20]; [@bib27]; [@bib30]; [@bib32]; [@bib70]). However, this asymmetry largely resolves in the following second ([Figure 4](#fig4){ref-type="fig"}) and an OLR is also evoked, albeit somewhat smaller, by motion in the nasotemporal direction. Furthermore, when we summed the left and right monocular OLRs to leftward and rightward motion, the binocular OLRs to the same motion directions were similar, suggesting that in binocular vision, there are no strong nonlinear interactions between the two eyes ([Figure 5](#fig5){ref-type="fig"}).

Previous rodent and rabbit literature generally reports the (nearly) complete absence of OKR to nasotemporal motion in monocular stimulation ([@bib20]; [@bib27]; [@bib30]; [@bib32]; [@bib70]). In contrast to this, we find that OLRs do not show this strong asymmetry at later stages of the response. We cannot rule out that this discrepancy can be explained by the characteristics of our visual stimulus (e.g., moving random dots in a whole field dome) compared to stimuli that are used in typical OKR experiments (moving vertical gratings on surrounding screens). Another factor that could play a role is our choice of animal model (C57BL/6J mice), but it is has been shown that these mice also show strong asymmetries in OKR experiments (e.g., [@bib66]). The most probable reason for finding more symmetrical OLRs later in the response is that we measure running behavior instead of eye movements in OKR or head movements in OMR experiments ([@bib42]; [@bib43]). Furthermore, although OKRs occur in all vertebrates, their appearance differs from species to species. How gaze is stabilized differs per species. Birds, reptiles, and amphibians are more reliant on head and body movements, while mammals and fish depend on eye movements ([@bib17]; [@bib24]; [@bib64]). Consequently, these groups show discrepancies in velocity profiles and amplitude of eye movements ([@bib16]; [@bib34]). From an evolutionary point of view, neuronal circuits underlying the OKR have changed in order to optimize the OKR. An obvious characteristic that emerged in the OKR is the asymmetry for motion in opposite directions when monocularly presented. In almost all species that display asymmetry, it is nasotemporal motion that results in no or much weaker responses compared to temporonasal motion ([@bib4]; [@bib13]; [@bib22]; [@bib24]; [@bib31]; [@bib36]; [@bib78]). This monocular asymmetry is predominantly seen in animals' laterally positioned eyes. A possible evolutionary advantage of the asymmetry in these animals is that it helps to suppress optokinetic drive due to nasotemporal optic flow on the retina during forward locomotion. This resulted in an OKR that is more sensitive to rotation, which helps them in gaze stabilization during head turns ([@bib24]).

Research into OKR symmetry has led to at least three theories that apply very well to mammals, as proposed by [@bib46]. First of all, retinal organization has been correlated with symmetry, dividing mammalian classes into foveates and afoveates. Possession of a fovea seems to be required for symmetry in the mammalian OKR ([@bib68]). Another determining factor could be the number of retinal fibers crossing in the optic chiasm. Supposedly, the more fibers that end ipsilaterally, the more symmetrical the OKR ([@bib25]). Furthermore, the size of the binocular visual field could be at the basis of OKR symmetry. Large binocular visual fields result in symmetrical OKRs ([@bib69]). Whether one of these features or a combination of either of them is the underlying cause for OKR symmetry is hard to determine because of their intertwining; they are highly correlated and appear or are absent together. However, lesion and corticectomy studies of the visual cortex in cats and monkeys were reported to result in nystagmus or more asymmetrical OKRs, comparable to rats and rabbits ([@bib23]; [@bib28]; [@bib49]; [@bib65]; [@bib74]; [@bib81]; [@bib82]). This clearly shows that the connection between visual cortex and subcortical structures is of importance for OKR symmetry. Specifically, neurons transferring the nasotemporal direction information to oculomotor areas are essential in this case. If these neurons do not exist or are not well developed, this leads to monocular OKR asymmetry ([@bib46]). In line with this is the finding that lesions of visual cortex in rats or cerebral cortex in rabbits did not affect the OKR ([@bib30]; [@bib32]). Apparently, in these animals, nasotemporal direction information carrying neurons does not link to the oculomotor circuitry. However, more recent studies show that lesioning or silencing of the visual cortex does affect the OKR gain ([@bib44]; [@bib56];[@bib58]). These recent findings would indeed advocate for an involvement of the visual cortex besides subcortical structures in OKR plasticity. It would be very interesting to see what happens to the OLRs after visual cortex lesions in rodents.

The importance of connections between visual cortex and oculomotor areas for OKR symmetry is underlined by findings from OKR comparisons between infant and mature, as well as healthy and affected, higher mammals. Higher mammals such as cats and humans show an asymmetrical OKR at birth, and only over the course of weeks to months, respectively, when development takes place and cortical projections mature, the OKR becomes more symmetrical ([@bib26]). Moreover, disruption of cortical binocularity (e.g., in the case of strabismus or by monocular deprivation) leads to OKR asymmetry as well ([@bib33]; [@bib75]). This all points to the idea that symmetry of reflexes and cortical control are inversely related. One might speculate that running behavior depends more on cortical control than eye movements in mice, and because cortical pathways are symmetric, the OLR is more symmetric.

We show that when the stimulus is presented to one eye, the OLR starts off asymmetrically after about 250 ms after motion onset and resolves into a symmetrical response after about 700 ms. Compared to the OKR, the OLR is much slower, which could be explained by the involvement of different motor systems (e.g., fast responding eye and head movements versus slower changes in running behavior). Furthermore, it takes time for the mice to turn the Styrofoam ball into a different direction because of inertia. The OKR literature often describes an initial (first 500 ms from stimulus motion onset) and later parts of the response ([@bib11]). These two phases in the OKR resemble the initial and later part of the OLR of mice that we report. And although most OKR studies on signal processing in the mouse brain only focus on the first 500 ms ([@bib66]), at least for the OLR, later stages of the response also provide valuable information.

Adding monocular OLRs {#sec4-1}
---------------------

Finally, we find that adding both individual monocular OLRs to either leftward or rightward motion matches the binocular OLR to that same motion direction. This result underlines the idea that binocular vision is the result of the sum of each eye\'s input and there is no averaging or winner-take-all mechanism at play ([@bib77]). However, it is difficult to generalize this conclusion, because most other studies use eye or head movements and not running behavior. Despite this fact, our study delivered valuable information about monocular and binocular evoked opto-locomotor reflexes and (a)symmetry in response to monocular temporonasal and nasotemporal stimulation. Furthermore, it provides a platform to further investigate underlying mechanisms of normal binocular vision and visual abnormalities or diseases.

Conclusion {#sec5}
==========

Here, we present evidence for a response not only to temporonasal but also to nasotemporal stimulation in monocular stimulation in mice. This is in stark contrast to what has been reported in the past, where head-tracking or OKR measurements show (almost) no response to nasotemporal stimulation in rodents and rabbits ([@bib20]; [@bib27]; [@bib30]; [@bib32]; [@bib70]). OKRs and OLRs manifest different temporal characteristics, possibly due to different underlying connections between retina and oculomotor or motor areas, respectively. Although the actual origin of monocular asymmetry remains elusive, our results suggest that OLRs of mice have both a subcortical and cortical component. A delay in the response to monocular stimulation in the nasotemporal direction could be indicative of cortical processing time, whereas the response to temporonasal motion could reflect more instinctive reflexive behavior.
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